In immunodeficient patients, Aspergillus species emerge as circumstantial pathogens. Aspergillus fumigatus is a distant first among the pathogenic aspergilli, which cause deep-seated mycoses. Sequences of the pep gene of A. fumigatus as potential PCR primers, which have not been tested before, were used to identify this species and if possible, differentiate it from other, coidentified, clinically important species of the genus. We present results of the three most promising primer pairs, pep-1/pep-22, pep-15/pep-22 and pep-21/pep32. The second pair was of better specificity when tested with DNA extracted from pure cultures of a multitude of aspergilli, whereas the first co-amplified four clinically significant Aspergillus species. The compatibility of the PCR method with the CTAB DNA extraction protocol varied according to the biological fluid tested and the primer pair used. The first two pairs showed moderate adaptability to the different commercial DNA extraction kits, which were tested in whole blood, spiked with Aspergillus fumigatus hyphae and conidia^as were all the biological fluids used. Restriction of the amplification products with MspI produced distinct patterns for different Aspergillus spp. This approach, as a potential diagnostic tool, seems reliable and sensitive due to its flexibility, speed, low cost, ease of application and selectable breadth of detection. ß
Introduction
In immunode¢cient patients, the incidence of invasive aspergillosis has undeniably risen over the past two decades. There has been a documented rise of 158% in the USA in the last decade and a 14-fold increase in Germany between 1981 and 1993 [1^3] . New approaches to therapy have partly contributed to successful management of the infection, but aspergillosis still carries a mortality of 60^70% [4] . Therefore, e¡ective infection control heavily relies on adopting appropriate measures for prevention and early diagnosis of the condition for the prompt administration of antifungal chemotherapy. In that re-spect, it is important to screen for the presence of Aspergillus fumigatus in haematology and oncology units as well as screen the patients who comprise a high-risk group for invasive aspergillosis. As air sampling with subsequent culturing and monitoring of patients with consecutive cultures are laborious and the study of Aspergillus spp. phenotypic characters misleading at times, alternative methods for screening patients have received a lot of attention.
The polymerase chain reaction (PCR) has proven to be a reliable and sensitive tool for amplifying speci¢c DNA sequences. In clinical microbiology this technique can enable screening of biological £u-ids for the presence of microorganisms such as Aspergillus spp. where detection with conventional methods is problematic. This is often the case when attempting to detect A. fumigatus in blood cultures [5] . The A. fumigatus infection is usually acquired by the inhalation of conidia and as these account for only a small fraction of the airborne conidia, it has been suggested that the fungus possesses speci¢c factors of virulence. In the invasive form of the disease, extracellular proteinases of the fungus have been suggested to be implicated in penetrating tissues and to contribute, as allergens or immunogens, to the pathogenesis of allergic bronchopulmonary aspergillosis (ABPA) and aspergilloma [6, 7] .
The present study was undertaken in an attempt to appraise the potential of employing PCR in the clinical setting. This was approached by using sequences of the pep gene of A. fumigatus, originally synthesised for its sequencing [8] , which had not been used before in a PCR detection system. The primer pairs were selected so as to produce amplicons of sizes easily visible on standard agarose gels, which could be digested by restriction endonucleases and produce distinct ¢ngerprints.
The ability of the selected pep primers was tested in order to identify at species level the most pathogenic species of the genus Aspergillus. These are by far, according to recent studies [9] , A. fumigatus, with A. £avus, A. niger, A. terreus and A. parasiticus following next. The evaluation of the potential use of these primers in infected biological samples could pave the way for their potential use in cases where strong suspicion or objective clinical and imaging ¢ndings would indicate Aspergillus infection.
Purpose of the study
The objective was to qualitatively evaluate the use of the new PEP primers so as to enable identi¢cation of A. fumigatus in spiked clinical material and discriminate it from other aspergilli.
Materials and methods

Strains
A total of seven clinical strains of A. fumigatus, four A. £avus, two A. niger, two A. parasiticus, one Fusarium oxysporum as well as environmental isolates of A. fumigatus (one strain), A. ochraceus (one strain), A. terreus (one strain), A. puniceus (one strain), A. carneus (one strain), A. parasiticus (one strain), A. niger (two strains), and Penicillium viridicatum (one strain) were used in this study. Reference strains of A. fumigatus (016030 and 048340) were obtained from the International Mycological Institute (IMI), Egham, Surrey, UK and of Cryptococcus neoformans serotype A (960.69) from the Institut Pasteur, Mycothe ©que, Paris, France.
Preparation of DNA
All ¢lamentous fungi were grown in YEPD (6 g of yeast extract, 6 g of mycological peptone, 12 g of glucose per 600 ml) at 25^37³C for 48 h in a volume of 3 ml and rotated at 45^50 rpm. The mycelial mat was then transferred into 1.5 microcentrifuge tube and was lyophilised (Heto VR-1) as described before [10, 11] .
Cells were disrupted mechanically with an orbital homogeniser in lysis bu¡er (200 mM Tris-HCl, pH 8, 250 mM NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate), followed by an extraction with phenolchloroform-isoamyl alcohol (25:24:1) as described before [11] . The DNA extracts were stored at 4³C until processed.
We also used a modi¢cation of the procedure of Zambradi et al. [12] for DNA extraction with Chelex-100 mixture [11] . In brief, 150 Wl of Chelex mixture was pipetted to a 1.5-ml tube containing 5^6 glass beads of 1^1.2 mm in diameter (Sherwood, St. Louis, MO, USA) and a mass of mycelium from a solid culture of Aspergillus was added. After 4 min vortexing, 500 Wl of HPLC-grade water was added and the suspension was subjected to heating at 95³C for 30 min under vivid agitation. The suspension was then transferred into a new tube and centrifuged for 8 min at 9000Ug. From the supernatant 4^10 Wl were used immediately for PCR and the remaining was kept at 320³C for one or, at most, two further PCR trials.
For spiked samples whole blood, bronchoalveolar lavage £uid (BALF), cerebrospinal £uid (CSF), vitreous £uid and gastric £uid with sputa were spiked with a loopful of hyphae and conidia of A. fumigatus from solid cultures grown on SDA. DNA was extracted with the CTAB method [13] and tested for successful extraction of A. fumigatus DNA from 250 Wl whole blood spiked with 5, 10, 20 and 50 conidia, through ampli¢cation with the ITS-1/4 primer pair and restriction digestions as described earlier [11] . Although hyphal forms of the fungus are normally present in pathological material, in this case conidia were considered the most versatile form of the fungi tested in order to perform quantitative studies in biological £uids, as they are easily enumerated. The same procedure was used to extract and test for the presence of DNA from pure cultures of C. neoformans grown on SDA.
The XTRAX kit (Gull Laboratories, UT, USA) was also used for extraction from spiked samples of whole blood according to the instructions of the supplier but with two modi¢cations. First, an erythrocyte lysis step was employed and second, mechanical lysis was achieved by adding ¢ve glass beads of 1^1.2 mm in diameter (Sherwood) in the extraction bu¡er. The sample was then vortexed at high speed for 3 min to disrupt the fungal cells and thereafter the extraction protocol was followed as recommended by the manufacturer.
Primer sequences
Three sense and two antisense primers were used in pairs. Sense primers were the pep1, pep21 and pep15 and antisense were the pep22 and pep32. The respective sequences were as follows: pep1: 5P-TAGACACCGGCACCACCCTC-3P pep15: 5P-TACCTGACCCCCGTCAAAGTCG-G-3P pep21: 5P-ATGGTCGTCTTTAGCAAAGT-3P pep22: 5P-CTATGCCTGAGGGGCGAA-3P pep32: 5P-AGTAGTCTGAGGGCGGGGACT-GA-3P
PCR ampli¢cation
For the PCR reaction 4 Wl of resuspended DNA were used for each reaction along with 1 U Taq polymerase (Promega, Madison, WI, USA) and 50 pmol of each primer pair mix (1:1 molecular ratio between pep1-pep22, pep15-pep22 and pep21-pep32). The total reaction volume was 50 Wl and the concentration of MgCl 2 was 1.5 mM, whereas dNTPs (Clontech, CA, USA) were used at 0.1 mM each. In this case the following PCR conditions were used (program 1): 30 cycles for 1 min at 95³C, 1 min at 55³C and 1 min 30 s at 72³C. The ¢nal cycle was 1 min at 95³C, 1 min at 55³C and 5 min at 72³C. The ampli¢cation product was visualised on 2%, 2.5% or 3% agarose (Sigma) in 0.5UTBE (0.045 M Tris-borate, 0.001 M EDTA) stained with ethidium bromide.
In some cases reactions were also performed with the addition of KCl at a ¢nal concentration of 50 mM, Tris-HCl at 10 mM and with a reduced concentration of dNTPs at 0.0625 mM each per reaction. In these cases, a second set of PCR conditions was utilised (program 2), as proposed by Tang et al. [14] for alp-11/-12 primers: 42 cycles at 94³C for 30 s, 63³C for 45 s and 72³C for 2 min.
To verify that the extracted DNA was indeed from aspergilli, it was tested with the ITS-1/4 primer pair and the amplicon was digested with MspI and EcoRI restriction endonucleases as described earlier [11] .
Carryover and crossover contamination was controlled by using four physically separated rooms for the isolation of DNAs, preparation of PCR master mixes, for performing PCR and for agarose gel electrophoresis.
In pilot studies the optimum reaction conditions were established by testing di¡erent concentrations of dNTPs and a range of cycling conditions. Control samples that had each of the reaction constituents except target DNA were also tested. Each isolate was tested on at least two occasions using to con¢rm reproducibility.
Restriction endonuclease digestions
Following PCR 0.5^1 Wg from each amplicon was digested with 20 U of the restriction endonuclease MspI (NEB Biolabs) at a volume of 30 Wl in the appropriate bu¡er, for 16 h at the conditions proposed by the manufacturer. The restriction fragments were visualised on ethidium bromide-stained 2^3% standard agarose gels, run at 30^45 mA, using the Easy RH computer-enhanced visualisation system (Herolab, Wiesloch, Germany). The molecular size marker used was pBR322 X MspI ( Fig. 1 ). Photographs were taken with concern to the visibility of the most important band by altering the`integration' parameter. This resulted in, on occasion, smeared pictures of the bands.
Results
The PCR conditions were optimised for maximum band intensity by using a range of dNTP concentrations, adding KCl at a ¢nal concentration of 50 mM and Tris-HCl at 10 mM in the reaction mixture and by changing the annealing temperature. Reproducibility, clear and consistent bands were obtained with annealing temperatures of 55³C (program 1) and 63³C (program 2). In both programs, raising the annealing temperature to 65³C produced no amplicon. Positive and negative controls were included at each PCR trial. The photographs presented are not products of a single PCR trial and summarise the results. No PCR products were obtained from clinical material containing human DNA only.
With DNA extracted from pure cultures and using PCR program 1, the pair 1/22 produced amplicons with most of the species tested, namely with A. fumigatus, A. niger, A. parasiticus, A. £avus (Fig. 1A) and A. ochraceus, the ¢rst four being of major clinical importance. These PCR products consisted of one speci¢c band of 307^404 bp, as expected from the published sequence of the gene, and^in most cases^of one or more non-speci¢c ones indicating a degree of interspeci¢c variability. The speci¢c bands of A. fumigatus, A. niger and A. ochraceus possessed MspI restriction sites whereas those of A. £avus and A. parasiticus did not (Fig. 1B) . Interestingly, P. viridicatum produced a single band of the same size and the same MspI restriction patterns to those of Aspergillus fumigatus. Fusarium oxysporum produced a single band of di¡erent size (404^527 bp), which could not be digested with MspI. In contrast, C. neoformans generated no band at all (results not shown).
In contrast, when using PCR program 2 (anneal- ing temperature 63³C), with concomitant reduction in the dNTP concentration and addition of KCl and Tris-HCl in the reaction mixture, only A. fumigatus of the four afore-mentioned pathogenic fungi produced the same band pattern. All other fungi tested, including P. viridicatum, produced no band at all. F. oxysporum, however, under these conditions, produced a very weak band of the same size as in Program 1, suggesting that sequences with high homology to this primer pair are present (Table 1) . Upon using the Chelex DNA extraction method, this primer pair produced an amplicon that could be digested with MspI with PCR program 1, but produced no amplicon when PCR program 2 was used ( Table 2 ).
The 15/22 primer pair produced amplicons with the A. fumigatus DNA when both of the afore-mentioned programs and reaction mixtures were used. These amplicons consisted of one speci¢c and one non-speci¢c band, of which only the speci¢c one possessed MspI restriction sites. Moreover, these amplicons were identical under both reaction mixture protocols and PCR conditions. It was a fortunate ¢nding that no DNA from other pathogenic Aspergillus spp. produced any band with PCR program 1 (Fig. 2) . A. ochraceus and A. terreus produced scattered bands but none of sizes relevant to the one of A. fumigatus. P. viridicatum produced no band at all, but F. oxysporum produced a distinct band pattern with PCR program 1. Interestingly, both of these fungi showed an identical band picture with the third primer pair, 21/32 (Table 1) .
Using the Chelex-100 extraction protocol identical A. fumigatus amplicons were produced only with PCR program 1, but no band was produced at the conditions fore-ordained by PCR program 2 ( Table  2) .
The amplicons generated upon using primer pair 21/32 were similar to 15/22 ( Fig. 3 ) but with two notable exceptions. First, this pair produced ampli- cons using the reaction mixture allocated to PCR program 2 only once (Fig. 3B) . Second, it produced ladders of non-speci¢c bands with A. niger, A. £avus and A. parasiticus. One of the two strains of A. parasiticus repeatedly failed to produce any amplicon at all with the 21/32 primer pair. Using the reaction mixture designated to PCR program 1 and the actual reaction conditions assigned to PCR program 2 also failed to improve speci¢city, which in fact deteriorated, as the A. fumigatus strains used produced multiple bands. Among these, the speci¢c band was easily distinguishable. Coupling the Chelex DNA extraction method with the 21/32 primer pair resulted in the production of a non-speci¢c lighter band with PCR program 1, but no ampli¢cation product was detected at all with program 2 ( Table 2) . Although pair 21/32 performed poorly with DNA extracted from pure culture, the results were di¡erent when the CTAB DNA extraction method was used in clinical samples spiked with A. fumigatus hyphae and conidia (Figs. 4 and 5) . Table 3 summarises the results showing that DNA, extracted with CTAB from spiked clinical samples with hyphae and conidia of A. fumigatus can be detected by the pep primer pairs, which upon restriction with MspI can give distinct A. fumigatus ¢ngerprints. Coupled with the CTAB DNA extraction method PCR products can be detected in whole blood, BALF, CSF and gastric £uid. In the case of vitreous £uid, pair 21/32 produced a speci¢c amplicon while 15/22 repeatedly failed to do so. When DNA was extracted from spiked whole blood using the XTRAX kit, only the 1/22 pep primer pair successfully produced amplicons and this was achieved only with PCR program 2.
The individual nature of these experiments inherently excludes the possibility of contamination, as determined upon electrophoresis of the PCR products obtained and run simultaneously with positive and negative controls (results not shown).
Discussion
This study has demonstrated the potential of the pep-1/22 primer pair to reliably detect four clinically signi¢cant Aspergillus spp., A. fumigatus, A. niger, A. parasiticus and A. £avus, and the less pathogenic A. ochraceus [15, 16] , which can be further discriminated according to their MspI restriction pattern.
Optimisation of the diagnosis for invasive pulmonary aspergillosis and di¡erentiation of A. fumigatus from other aspergilli in clinical samples using molecular methods are important goals, as they o¡er the possibility of the timely initiation of aggressive antifungal treatment, which remains the key to successful management of the infection [17, 18] . Up to this time several methods have been developed involving either molecular or immunoassays [15, 19, 20] . Immunoassays have recently evolved to excellent levels of sensitivity and such is the case with the sandwich enzyme-linked immunosorbent assay (ELISA) (Platelia Aspergillus, Sano¢ Diagnostics Pasteur, Marnes-la-Coquette, France) for the detection of Aspergillus galactomannan (GM) antigen. However, PCR-based methods receive a lot of attention, as they can detect Aspergillus spp. in a variety of biological £uids, but they do require re¢nements to enlarge their detection scope or improve their sensitivity and even speci¢city. Thus far, ELISA is used in conjunction with non-culture-dependent laboratory assays. Data support that, at least in serum of patients with fungus ball obtained at surgery or autopsy, PCR is not more sensitive than detection of GM antigen [20^22] . Besides con£icting evidence concerning sensitivity data, there are other drawbacks in both methods, including the cost and cumbersomeness of ELISA, reports on false-positive ELISA results [23] and the susceptibility to contamination of the PCR. In situ hybridisation in clinical samples for identi¢cation of fungal infections using the 18S-1 probe [15] has not been widely tested. In the clinical laboratory setting an identi¢cation method must comprise an ampli¢cation step that, without any crossreactions and if possible without any background noise, would augment a weak signal to a detectable level, as is the case with immunoassays and PCR. The requirement for`ampli¢cation' rules out restriction fragment length polymorphisms on whole DNA. Random ampli¢cation of polymorphic DNA is so far applied to fungal DNA extracted from culture whereas the method's sensitivity and compatibility to di¡erent extraction methods in clinical samples are not known yet [24] . Probes, though, have been used in conjunction with an amplifying method.
PCR has attracted considerable attention since 1992, as it ful¢lls all the required speci¢cations for use in diagnosing fungal infections. The alp-11/12 primers o¡ered the possibility of detecting A. fumigatus and A. £avus di¡erentially, though the authors mention the possibility that certain strains belonging to these two species do not produce amplicons. We found that these primers were extremely sensitive to the grade of water used for the PCR reactions and that certain Aspergillus species produced amplicons identical to those of A. fumigatus. One strain of A. niger produced such an amplicon but with no reproducibility, one strain of A. carneus produced amplicon with moderate reproducibility, but a strain of A. puniceus exhibited very good reproducibility (unpublished data). The alp-11/12 primers repeatedly failed to amplify A. fumigatus DNA in vitreous £uid, whereas the pep-21/32 primers succeeded in this task.
Generally, the application of PCR-REA to the part of mitochondrial DNA that produces speciesspeci¢c patterns is inherently speci¢c [25] but it is so far designed for phylogenetic studies and its use in clinical samples remains to be determined. Besides, the proposed protocols for mitochondrial DNA extraction are cumbersome and costly for routine use. In that respect extracting nuclear DNA is advantageous because the size and position of the nucleus make it much more vulnerable to rapid chemical and mechanical lysis. The pep-1/22 primer pair discussed here, with the proposed PCR program 1, o¡ers greater potential for clinical use. This is due to its ability to comply with a variety of extraction methods^including commercially available kitsâ nd its aptitude to identify four clinically signi¢cant Aspergillus species. The second`non-speci¢c' band refers to products di¡erent from the ones predicted by the sequence analysis and it does not necessarily imply that these by-products were due to mismatches between the primers and the target sequences. The by-product sequences may well show full homology with the primer pairs used, being located either in the silent DNA or in other genes. As these primers were used for sequencing in a subcloned gene from the phage library, this was not obvious until they were used on whole DNA. After optimisation of the PCR reaction mix and at the annealing temperature of 63³C, the second`non-speci¢c' band was present in more than one strain of the same species, and at the same relative position on all gels. This implies that this band is irrelevant to the predicted product, yet of high homology with the primer sequences. Although the problem with these`non-speci¢c' products is acute when using the pep-1/22 primer pair, the size di¡erence permits recognition of the predicted band.
The compatibility of the pep-1/22 primer pair with the Chelex-100 DNA extraction method permits ease of application, when studies on these Aspergillus strains are performed from pure culture, with relatively short turn-around times. The same primer pair was also capable of detecting even non-Aspergillus species. This might o¡er considerable potential for the di¡erential detection of pathogenic moulds, such as P. viridicatum, being ampli¢ed by the pep-1/22 pair and F. oxysporum, being ampli¢ed by both 1/22 and 15/22.
Our results indicated that PCR using the pep-1/22 and 15/22 primer pairs permits discrimination between P. viridicatum and A. fumigatus, and between F. oxysporum and A. fumigatus, provided the appropriate PCR conditions are applied. This is of particular importance because non-Candida and nonAspergillus infections are increasingly reported, especially in bone marrow transplant patients where in the absence of a positive culture and on the basis of histological ¢ndings, Aspergillus, Fusarium and Penicillium spp. infections are often misdiagnosed [262 8] . The pep method o¡ers potential for further re¢nements, such as the use of internal probes. Restriction of the ampli¢ed products, is yet more £exible, rapid and less costly. In this case the MspI restriction sites were used for subsequent con¢rmation of the PCR products. The overall level of sensitivity of the pep primers to detect Aspergillus spp. DNA in clinical samples did not di¡er signi¢cantly from that determined for the ITS1/4 primers (28 CFU ml 31 biological £uid) [13] . Pep PCR coupled with restriction enzyme analysis o¡ers enhanced discriminatory potential and equals that of the ability of alp-11/12 to detect di¡erentially A. fumigatus and A. £avus, with the supplementary merit of co-identifying A. £avus and A. parasiticus, without being prone to the afore-mentioned alp-11/12 disadvantages. It coidenti¢es A. fumigatus and A. niger but it can also discriminate between these two by simply switching to the parameters of program 2.
The pep-21/32 primer pair needs special vigilance. Although detecting A. fumigatus DNA from conidia and hyphae in vitreous £uid, it proved an unreliable scheme, as its reproducibility was poor. In subsequent experiments this primer pair occasionally succeeded in duplicating the results, but mostly failed as it produced several band patterns when tested with DNA from the same A. fumigatus strain with the same PCR program 1. Notably, the speci¢c 733-bp band was present at all times. The fact that di¡erent results were obtained for A. £avus with pep-1/22 under conditions optimised for A. fumigatus, indicates the di¡erentiation potential of the primers under selected conditions.
The consistency of the pep-21/32 primer pair results with DNA from the A. niger strains tested was poor, since one strain produced at one time a pattern very similar to the most complicated one produced by A. fumigatus. This was anticipated because the pepA gene of A. niger shares a high degree of homology with the pep gene of A. fumigatus. Therefore, its use should be avoided if possible, in favour of the other two pairs, which proved to be far more reliable.
Fungi of the genus Aspergillus are omnipresent. Of the approximately 180 recognised species an increasing number are being identi¢ed as the cause of devastating disease in immunocompromised patients. Taking into account that fungal DNAaemia is intermittent in the infected patients, rapid non-invasive diagnostic methods, which can be used on consecutive clinical samples, are often required to initiate appropriate therapy.
Conclusion
The pep-1/22 and 15/22 primers derived from the aspergillopepsin gene of A. fumigatus, used for the ¢rst time for diagnostic purposes, o¡er an open prospect concerning the identi¢cation of clinically signi¢-cant Aspergillus species in a variety of biological £u-ids.
